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Abstract

Purpose Blood-flow restricted resistance exercise train-
ing (BFRE) is suggested to be effective in rehabilitation
training, but more knowledge is required about its poten-
tial muscle damaging effects. Therefore, we investigated
muscle-damaging effects of BFRE performed to failure and
possible protective effects of previous bouts of BFRE or
maximal eccentric exercise (ECC).

Methods Seventeen healthy young men were allocated
into two groups completing two exercise bouts separated
by 14 days. One group performed BFRE in both exercise
bouts (BB). The other group performed ECC in the first
and BFRE in the second bout. BFRE was performed to
failure. Indicators of muscle damage were evaluated before
and after exercise.

Results  The first bout in the BB group led to decrements
in maximum isometric torque, and increases in muscle
soreness, muscle water retention, and serum muscle protein
concentrations after exercise. These changes were compa-
rable in magnitude and time course to what was observed

Communicated by William J. Kraemer.

P4 Kristian Overgaard
ko@idraet.au.dk; overgaard @ph.au.dk

Section of Sport Science, Department of Public Health,
Aarhus University, Dalgas Avenue 4, 8000 Arhus, Denmark

Department of Food and Nutrition and Sport Science, Center
for Health and Performance, University of Gothenburg,
Goteborg, Sweden

Lundberg Laboratory for Orthopaedic Research, Department
of Orthopedics, The Sahlgrenska Academy at University
of Gothenburg, Goteborg, Sweden

Department of Clinical Medicine, MR-Research Centre,
Aarhus University Hospital, Arhus, Denmark

after first bout ECC. An attenuated response was observed
in the repeated exercise bout in both groups.

Conclusion We conclude that unaccustomed single-bout
BFRE performed to failure induces significant muscle
damage. Additionally, both ECC and BFRE can precondi-
tion against muscle damage induced by a subsequent bout
of BFRE.

Keywords Blood flow occlusion - Eccentric resistance
training - Preconditioning - Repeated bout effect - Muscle
wasting

Abbreviations

ANOVA Analysis of variance

AUC Area under curve

BFRE Blood flow restriction exercise
CK Creatine kinase

CSA Cross-sectional area

DOMS  Delayed onset muscle soreness
ECC Eccentric exercise

EIMD Exercise-induced muscle damage

Mb Myoglobin

MRI Magnetic resonance imaging
MVC Maximum voluntary contraction
ROI Region of interest
Introduction

Low-load resistance training coupled with partially
restricted blood flow has been proposed as an efficient,
yet gentle training alternative to heavy resistance training,
to counteract muscle wasting from aging or disease and
may be of special benefit for rehabilitating patients/ath-
letes that are unable to tolerate the high mechanical load on
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the joints inherent of traditional heavy resistance exercise
(Takarada et al. 2000). Accordingly, this training method,
often referred to as low-load blood flow restricted exer-
cise (BFRE), has been reported to induce hypertrophy and
increased muscle strength to a similar degree as traditional
heavy resistance exercise, despite training loads as low as
20-30 % of 1RM (Madarame et al. 2008; Nielsen et al.
2012). Furthermore, BFRE has been reported to be benefi-
cial for elderly individuals, cardiac rehabilitation patients
(Madarame et al. 2013) and individuals recovering from
ACL reconstruction (Ohta et al. 2003).

However, the use of BFRE in patient populations
requires that unwanted side effects are minimal. In this
regard, it is of concern whether BFRE, similarly to eccen-
tric exercise, can result in exercise-induced muscle damage
(EIMD). In support of a muscle damaging effect of BFRE,
some studies have observed muscle force loss and delayed
onset muscle soreness (DOMS) during the first few days
following a single bout BFRE conducted to concentric
failure (Umbel et al. 2009; Wernbom et al. 2012). On the
contrary, other studies have not observed prolonged decre-
ments in maximum voluntary contraction (MVC) and/or
increases in muscle soreness following BFRE (Loenneke
et al. 2013; Thiebaud et al. 2013, 2014). Despite the con-
flicting reports it seems as if BFRE can inflict muscle dam-
age under certain conditions.

EIMD has traditionally been associated with exercise
involving eccentric actions (Newham et al. 1983; Vissing
et al. 2008) and is characterized by prolonged loss of mus-
cle strength, development of muscle soreness, increases in
serum intramuscular enzymes and water retention in the
days following damaging exercise (Takahashi et al. 1994;
Vissing et al. 2008). Also, it is well established that when
performing subsequent bouts of similar exercise, the EIMD
is attenuated, a phenomenon referred to as the “repeated
bout effect” (Nosaka and Clarkson 1995).

It is not known whether the muscle damage response,
and the underlying mechanisms, following BFRE are simi-
lar or different from those observed after eccentric exercise.
However, the quite similar time-course of post-exercise
force loss and muscle soreness among subjects exposed
BFRE as well as eccentric exercise, suggest that it may be.
Furthermore, no study has yet investigated if a single bout
of BFRE or ECC may precondition against muscle damage
elicited with repeated bouts of BFRE.

Eccentric exercise and BFRE might differ in neuromus-
cular recruitment pattern i.e. eccentric contractions are sug-
gested to involve low motor unit activation (Komi et al.
1987) combined with possible preferential recruitment of
high-threshold type II fibres (Nardone et al. 1989), whereas
BFRE is suggested to recruit type I fibres (at least at the
beginning of exercise before fatigue onset) (Wernbom et al.
2009; Farup et al. 2015). The different recruitment patterns
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might cause differences in fibre-type specific damage.
Accordingly, other studies have observed indications of
a higher stress and damage imposed on type I fibres from
BFRE (Wernbom et al. 2012; Cumming et al. 2014). This
is contrary to what is commonly observed after eccen-
tric exercise where the inflicted fibre damage primarily is
observed in type II fibres (Friden et al. 1983).

In addition to differences in recruitment pattern, BFRE
and eccentric exercise might differ in their underlying dam-
age mechanisms. The initial muscle damage inflicted by
eccentric contractions is suggested related to mechanical
factors (Armstrong et al. 1991). However, since BFRE does
not involve a high mechanical load, but rather encompasses
a high degree of metabolic stress (Suga et al. 2010), BFRE-
induced muscle damage would presumably be related to
other factors e.g. metabolite build-up (Takarada et al. 2000;
Suga et al. 2010) and/or disturbances in ion-homeostasis
due to muscle activation under ischemic conditions (Fred-
sted et al. 2005), which might lead to activation of intra-
cellular proteolytic systems (Fredsted et al. 2007). If EIMD
is induced by BFRE, one would expect it to precondition
against EIMD with repeated BFRE. This would be of inter-
est to elucidate, to resolve the applicability of BFRE for
patient populations and/or if prior accustomisation should
be implemented in a BFRE training strategy. Furthermore,
initial knowledge of whether eccentric exercise and BFRE
are similar or different in terms of underlying mechanisms
and/or neuromuscular recruitment pattern, can be obtained
by investigating if EIMD produced by eccentric exercise
can precondition against EIMD when repeated exercise is
conducted as BFRE.

Therefore, one aim of the present study was to conduct
a comparative investigation of the muscle-damaging effect
of a single bout of BFRE to failure versus a bout of maxi-
mal eccentric exercise. Another aim was to investigate the
capability of BFRE versus eccentric exercise to precondi-
tion against EIMD induced by subsequent BFRE.

We hypothesized; (1) that a first bout of BFRE as well
as eccentric exercise would inflict muscle damage; (2) that
repeated BFRE would produce a repeated bout effect, and;
(3) that high-intensity eccentric exercise would not pre-
condition against EIMD inflicted by a subsequent bout of
BFRE.

Methods

Subjects

Eighteen healthy young men were included in the study.
One subject dropped out due to personal reasons. All sub-

jects were informed of the purpose and risks of the study
and provided written informed consent in accordance with
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Fig. 1 Schematic presentation of the study timeline. Bout 1 consisted
of BFRE (BB1) or ECC (EB1) and bout 2 consisted of BFRE (BB2
and EB2). The two exercise sessions were separated by 14 days. RM

the standards of the Declaration of Helsinki. The study was
approved by the Ethical Committee for Region Midtjylland
(ref. no. M-201430314). Exclusion criteria were; (1) a his-
tory of musculoskeletal injuries in the lower extremities;
(2) participation in resistance training for the lower extrem-
ities during the last 6 months prior to inclusion; (3) use of
medications that could potentially influence the results; (4)
metal-containing implants. Six applicants were excluded
as a result of these criteria. All subjects were recreation-
ally active in activities such as swimming, running, cycling
and team sports but none of the subjects were performing
resistance training. The subjects were instructed to refrain
from strenuous activities the last 72 h before the two exer-
cise sessions and to avoid use of any pain-relieving medica-
ments throughout the study.

Study design

The subjects were randomly assigned to either a group that
conducted two bouts of BFRE (BB) or a group that con-
ducted eccentric exercise (ECC) in a first bout and BFRE
in a second bout (EB). The two exercise bouts (BB1/BB2
and EB1/EB2) were separated by 14 days and were per-
formed as unilateral knee extension exercises with a ran-
domly chosen leg (dominant vs. non-dominant). The BFRE
consisted of five sets of knee extensions to volitional fail-
ure with 30 % of 1RM whereas the eccentric exercise con-
sisted of 150 maximal eccentric contractions. A schematic
overview of the study design is presented in Fig. 1. At
least 7 days prior to the first exercise session, the subjects
underwent a unilateral 1RM knee extension test and the
subject’s anthropometrics were recorded (Table 1). MRI
scans were conducted 4 days before and 3 days after each
exercise session. Tests of muscle function and muscle sore-
ness as well as collection of blood samples were conducted
immediately before each exercise session and at 1 h, 1, 2,
4, and 7 days post-exercise in the following order; blood
sampling, evaluation of muscle soreness and test of muscle
function (Fig. 1).

repetition maximum, MR magnetic resonance, performance and dam-
age measurements included test of muscle function, muscle soreness
and blood sampling

Table 1 Anthropometric and muscle strength data at baseline

EB (n=38) BB (n=9) p value
Age (years) 21+0.6 21+0.6 0.73
Weight (kg) 782+ 3.6 74.7+2.0 0.60
Height (cm) 181.3 £ 2.1 1832+ 14 0.46
BMI (kg/m?) 22.7+0.6 233+1.0 063
IRM leg extension (kg) 58.1+24 525+ 6.6 0.11
MVC (Nm) 336+ 13 312+ 15 0.25

Differences between groups were assessed by unpaired ¢ tests. The
results of the 7 tests are shown by the p value

Maximal unilateral knee extensor strength

To establish the training load for the BFRE protocol, the
unilateral concentric 1RM strength of the subjects was
tested in a knee extension machine (Technogym Selec-
tion Line Leg Extension, Technogym SpA, Cesena, Italy).
The subjects did a standardized warm-up consisting of
a 5 min low-intensity exercise (~100 W) on a stationary
ergometer bike (Monark Ergomedic 818E, Monark, Var-
berg, Sweden). For the 1RM test, subjects performed two
warm up sets of five repetitions with increasing loads. After
the warm up sets, the first IRM trial was performed with
a load that the investigators were confident the subject
could lift. For each successful trial the load was increased
by 5 kg until nearing 1RM, where loads were increased by
1-2.5 kg until failure. Trials were accepted if the subject
reached full knee extension and 1RM was generally deter-
mined within 5-6 trials. Previous studies have shown that
submaximal eccentric contractions can confer a protective
effect against EIMD inflicted by high-intensity eccentric
exercise performed within the following weeks (Chen et al.
2012). Thus, to avoid preconditioning of the subjects, both
warm up sets and 1RM trials were performed with the sub-
ject lifting the load utilizing only concentric contractions
(knee extension phase). An investigator lowered the weight
to liberate the subject from performing the eccentric part of
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the movement. All settings of the knee extension machine
were noted for each subject and saved for later use.

Muscle function testing

Subsequent to a standardized warm-up of 5 min low inten-
sity exercise (~100 W) on a stationary ergometer bike
(Monark Ergomedic 818E, Monark, Varberg, Sweden),
the subjects were seated on an isokinetic dynamometer
(Humac Norm, CSMI, Stoughton, Massachusetts, USA)
with 90° hip flexion and the axis of rotation of the subjects
knee aligned with the axis of the lever arm. The test leg
was attached to the dynamometer arm approximately 3 cm
proximal to the medial malleolus and the other leg was
placed behind a stabilization bar. Restraining straps were
put on the torso and hip to minimize accessory movements.
MVC was measured at 70° (0° equals full extension). The
subjects were instructed to avoid any countermovement and
to contract as “fast and forcefully as possible” until torque
began to decline (approximately 4 s). Standard verbal
encouragement and visual feedback was provided during
each contraction. Subjects were given four trials, however,
if a subject continued to improve, additional trials were
provided. All attempts were interspaced with 1 min recov-
ery time.

After the MVC measurements, the torque elicited
through electrical stimulation was measured at two differ-
ent stimulation frequencies to assess low frequency fatigue
(a measure of excitation—contraction coupling function).
Following shaving and cleaning of the skin with alcohol
swabs, two electrodes (ValuTrode Neurostimulation Elec-
trodes CF5090, 2" x 3.5”, Axelgaard Manufacturing Co.,
Ltd, Denmark) were placed across the main muscle belly.
Electrode positions were marked to ensure the same posi-
tioning in each trial. At the first test session the subjects
were familiarized with the stimulation protocol and an
electrical current level acceptable to each individual was
determined (150-220 mA) (these current levels produced
torque >15 Nm). The stimulation protocol consisted of two
trains of pulses, separated by a minimum of 20 s, with a
duration of 1 s at stimulation frequencies of 20 and 100 Hz,
respectively. The subjects were instructed to relax as much
as possible during the stimulations.

Torque recordings from all trials from the MVC meas-
urements and stimulation protocol were sampled at
1500 Hz and the offline analyses were performed in cus-
tom-made software (Labview 2011, National Instruments
Corporation, Austin, Texas, USA). During offline analysis,
all trials were visually inspected, and trials exhibiting coun-
termovement were eliminated from further analysis. Torque
data was corrected for limb weight and MVC was defined
as the peak torque measurement from the best trial. Torque
produced from the 20 and 100 Hz stimulation frequencies
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was defined as the average torque during the last 200 ms of
the stimulation train where a torque plateau was observed.

Blood sampling

Blood samples were collected from an antecubital vein
immediately before and 1 h, 1, 2, 4 and 7 days after each
exercise session. After centrifugation at 1900g for 10 min
at 5 °C, plasma aliquots were divided into Eppendorf tubes
and stored at —80 °C. Samples were analyzed for creatine
kinase (CK) (upper detection limit 20,000 IU/L) and myo-
globin (Mb) (lower detection limit 52 pg/L) by use of a
commercial kit applied in a multi-analyzer system (Cobas ¢
311/501, Rotkreuz, Switzerland) at the Department of Clin-
ical Biochemistry at Aarhus University Hospital.

Muscle soreness

Muscle soreness was evaluated using a 100 mm visual
analog scale (VAS) where 0 represented “no soreness”
and 100 represented “extreme soreness”. Both the exercise
and control leg were evaluated immediately before each
exercise session and at 1 h, 1, 2, 4 and 7 days post-exer-
cise. The subjects were asked to sit and rise from a chair
using the leg that was evaluated and place a mark on the
100 mm line according to their perceived soreness in the
knee extensors during the movement. To provide a refer-
ence, the subjects were allowed to see their previous rat-
ings of soreness within the current bout. However, subjects
were not allowed to see their soreness ratings from the first
exercise bout when rating soreness after the second exer-
cise bout.

Magnetic resonance imaging protocol

The T2 relaxation time and anatomical cross-sectional area
(CSA) of m. quadriceps of both legs were obtained using
images acquired with a 3 T magnetic resonance imag-
ing (MRI) scanner (Siemens Skyra, Erlangen, Germany).
The subjects were placed in a supine position with the
feet entering the scanner first, the legs fully extended and
a distance between the feet of approximately 10 cm. An
initial frontal and sagittal localizer scan was applied as an
introductory scout scan used to correctly place the loca-
tion of the first proximally positioned slice level (top of
caput femoris) in the following T2-mapping scan. The T2
scan was a multi-echo spin echo scan. It consisted of 40
slices separated by 14 mm and was acquired as two sepa-
rate stacks. Slice thickness was 4 mm, field-of-view was
420 x 250 mm? and acquisition matrix was 320 x 190 giv-
ing a pixel resolution of 1.3 x 1.3 mm?. Eight echoes from
20 to 160 ms were acquired, the repetition time was 3.35 s
and total scan time for both stacks was 11:36 min.
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The femur length was calculated as the difference
between the position of the first proximal slice level located
at the top of caput femoris and the position of the slice level
corresponding to the knee joint line (both given by the soft-
ware program OsiriX, version 4.1 32-bit). Following this,
T2 relaxation times and whole-muscle CSAs were obtained
from the acquired images at 1/3, 1/2 and 2/3 of the femur
length representing a proximal, mid and distal level. The
mean of both the CSA and T2 obtained at the three slice
positions was used for further analysis.

The CSA was manually outlined three times at each
slice level by the same investigator using OsiriX. The
intra-individual correlation of the three measurements was
#» = 0.99 and an inter-individual correlation of 7> = 0.99
was calculated.

The scanner calculated T2 maps by fitting an exponen-
tial relaxation function to the 8 acquired echo times. At the
same three slices as used for the CSA calculations a region-
of-interest (ROI), corresponding to the whole m. quadri-
ceps, was outlined with special care to avoid inclusion of
subcutaneous fat, fascia, blood vessels and bone structures.
This ROI was chosen instead of individual muscle por-
tions since it has previously been shown that the location of
increased T2 can vary among subjects (Nosaka and Clark-
son 1996). T2 from each ROI outlined were recorded using
OsiriX. Three ROIs (representing the whole m. quadriceps)
were outlined at each slice level (inter and intra-individual
correlation in T2 analysis was 7> = 0.99).

Blood flow restriction exercise protocol

The BFRE protocol consisted of five sets of unilat-
eral knee extensions at 30 % of 1RM in a knee exten-
sion machine (Technogym Selection Line Leg Exten-
sion, Technogym SpA, Cesena, Italy) with partial BFR.
A 135 mm wide curved tourniquet cuff (VBM, Mediz-
intechnik, GmbH, Germany) was wrapped around the
proximal part of the thigh and inflated to a pressure of
100 mmHg by a digital tourniquet system with auto-
matic regulation of pressure (Digital Tourniquet 9000,
VBM, Medizintechnik, GmbH, Germany). This pres-
sure cuff was inflated immediately before the first set and
remained inflated throughout the exercise session. All
sets were performed to volitional failure. Recovery time
between sets was 45 s and subjects remained seated in the
leg extension machine during recovery. The cadence was
15 repetitions per min (2 s each for the concentric and
eccentric part of the duty cycle), which was controlled
with a metronome set to 60 bpm. No rest was permitted
between the repetitions. Range of motion was aimed to
be ~90°-0° (0° equals full extension), and the subjects
were instructed to extend their knee as much as possible
for each repetition, however, failure was defined as when

the subject were not able to extend the knee to <10° (cor-
responding to the range of motion during the eccentric
exercise protocol). Subjects were verbally encouraged to
complete as many repetitions as possible in each set. The
number of completed repetitions in each set and the total
BFR time was noted.

Eccentric exercise protocol

Only the EB group did eccentric exercise in the first exer-
cise session. The eccentric exercise protocol consisted
of 15 sets of 10 maximal isokinetic eccentric contrac-
tions for the knee extensors in an isokinetic dynamometer
(Humac Norm, CSMI, Stoughton, Massachusetts, USA).
The range of motion was 10°-90° (0° equals full exten-
sion) and contraction speed was set to 30°/s. Recovery time
between sets and repetitions were 60 and 3 s, respectively.
Subjects received verbal encouragement and visual feed-
back throughout the exercise to ensure maximal effort. All
dynamometer settings were identical to the settings during
muscle function testing.

Statistics

The sample size was determined by completing a power
analysis where serum CK was chosen as the primary out-
come. Serum CK was chosen because of the very high
inter-individual variation. Thus, expectedly, we would be
able to detect significant changes in other outcomes with
less variation. Power analysis (power = 0.8, @ = 0.05) was
based on Larsen et al. (2007) and expected serum CK lev-
els of 1400 £ 1000 IU/L following BFRE. The analysis
showed that seven subjects in each group where required.
We included nine subjects in each group to account for
potential dropouts.

Data were checked for normality of distribution by
Shapiro—Wilk test and QQ plots. Data from blood sam-
ples (CK and Mb) were not normally distributed and were
log-transformed before doing the statistical analysis. The
log-transformed data were back-transformed before data
presentation. Differences in anthropometric measures and
strength measures at baseline, and differences in training
data (number of repetitions and occlusion time) within and
between groups were assessed by paired and unpaired ¢
tests, respectively.

To test whether BFRE and eccentric exercise induced
indications of muscle damage, differences between the pre-
value and later time points for indicators of muscle damage
(MVC, 20:100 Hz ratio, muscle soreness and serum activ-
ity of CK and Mb) were identified by a one-way repeated
measures ANOVA with Student—Newman—Keuls post hoc
test. Paired ¢ tests were used to evaluate exercise-induced
changes in muscle CSA and T2.
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The accumulated changes for the first 4 days following
exercise in indicators of muscle damage (MVC, 20:100 Hz
ratio, muscle soreness, serum activity of CK and Mb) were
evaluated as area under curve (AUC), and were calculated
by integrating the change in each indicator with respect
to time (h) from pre to 4 days post-exercise. We chose a
period comprising the first 4 days following exercise rather
than 7 days because no data was collected at 5 and 6 days
post-exercise.

To investigate whether there were group differences in
the magnitude of muscle damage within each bout, dif-
ferences in AUC, peak muscle soreness, ACSA and AT2
relaxation time between groups within bout 1 and 2,
respectively, were evaluated by unpaired ¢ tests (BB1 vs.
EBI1 and BB2 vs. EB2).

To investigate whether there was an attenuated response
in indicators of muscle damage after the second bout within
the BB group, differences in AUC, peak muscle soreness,
ACSA and AT2 relaxation time between bout 1 and 2 were
evaluated by paired ¢ tests.

To investigate whether eccentric exercise protects
against muscle damage inflicted by BFRE, unpaired ¢ tests
were used to identify differences in AUC, peak muscle
soreness, ACSA and AT?2 relaxation time between the first
bout of BFRE in each group (BB1 vs. EB2).

To test for correlations between ACSA and AT?2 relaxa-
tion time, linear regression analysis was performed.

Alpha level was set to p < 0.05 and data are presented as
mean £ SE unless otherwise stated in figure texts. Statis-
tical analysis was made in Sigmaplot version 11.0 (Systat
Software, San Jose, CA, USA) and graphical presentations
were made in GraphPad version 6.0 (GraphPad Software,
La Jolla, CA, USA).

Results

As shown in Table 1, no differences between groups were
observed in anthropometric measures or baseline meas-
ures of muscle strength. In addition, no differences were
observed between groups within each bout in AUC, peak
muscle soreness, ACSA and AT2 relaxation time (BB1 vs.
EBI1 and BB2 vs. EB2).

Maximal voluntary contraction

As shown in Fig. 2 MVC was reduced by 24 £ 3 and
16 = 4 % at 1 h following the first bout of exercise in
the EB and BB group, respectively. Following this, MVC
gradually recovered during post-exercise recovery but was
still significantly reduced at 4 days post-exercise by 9 £ 5
and 8 + 3 %, in the EB and BB group, respectively. At
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7 days post-exercise, MVC had returned to baseline in both
groups.

Following the second bout, MVC was reduced by
11 =3 and 9 + 3 % at 1 h post-exercise in the EB and BB
group, respectively. By 1 day, MVC had returned to base-
line in the EB group but was still significantly reduced by
8 =+ 2 % in the BB group. At 2 days post-exercise, MVC
had returned to baseline in the BB group (Fig. 2).

As shown in Fig. 2, AUCyyc was ~68 % lower after
the second exercise bout compared to the first within the
BB group. Furthermore, when comparing the first bout of
BFRE in each group (BB1 vs. EB2), AUCyy was ~71 %
lower in the EB group (Fig. 2).

20:100 Hz ratio

Following the first exercise bout in the EB group, the
20:100 Hz ratio decreased by ~52 % at 1 h post-exercise
and gradually recovered during the following days but was
still reduced by ~14 % at 7 days (Fig. 2). In the BB group,
the 20:100 Hz ratio was reduced by ~30 and ~15 % at 1 h
and 1 day following the first exercise bout, respectively. No
differences were observed at 2 or 4 days but a ~14 % lower
ratio was observed at 7 days.

A paired ¢ test revealed that the pre-value was lower
before bout 2 compared to bout 1 (0.71 vs. 0.58) in the
BB group. At 1 h after the second bout both groups had a
reduced 20:100 Hz ratio but no differences were observed
at other time points.

Within the BB group, AUC,. g i, Was lower after the
second bout compared to the first. No difference between
the first bouts of BFRE in each group (BB1 vs. EB2) was
observed (Fig. 2).

Muscle soreness

Muscle soreness was elevated at 1 h—4 days after the
first exercise bout in both groups, peaking at 2 days (EB
~4.4 cm and BB ~5.0 cm), and returned to baseline at
7 days. After the second bout, the BB group experienced
muscle soreness at 1 h, 1 and 2 days post-exercise (1.5—
2.4 cm) (Fig. 2).

AUC opess Was ~57 % lower after the second bout com-
pared to the first in the BB group (Fig. 2). No significant
differences in AUC, ... were observed between the first
bouts of BFRE in each group (BB1 vs. EB2; p = 0.10) but
when examining the highest soreness ratings irrespective
of time points, a lower peak soreness was observed after
the first bout of BFRE in the EB group compared to the
first bout in the BB group (BB1 5.0 cm vs. EB2 2.9 cm;
p < 0.05). No changes in soreness were observed in the
control leg in either group (data not shown).
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Fig. 2 Time course of exercise-induced changes in a MVC (normal-
ized to the pre-value), b 20:100 Hz ratio and ¢ muscle soreness at
1 h, 1,2, 4 and 7 days after each exercise bout. Ap < 0.05; Mp <0.01;

p < 0.001; significantly different from pre-values within BB.
*p < 0.05; **p < 0.01; ***p < 0.001; significantly different from

Serum activity of muscle enzymes

Before the first exercise bout serum CK was 215 + 47 and
137 + 26 IU/L in the EB and BB group, respectively. No
significant changes in CK were observed at 1 h in either

Bout 1 Bout 2

pre-values within EB. Symbols indicate mean and error bars indicate
+SE. Accumulated changes in d MVC, e 20:100 Hz ratio and f mus-
cle soreness from pre to 4 days post-exercise at each exercise bout.
#p < 0.05; #p < 0.01; significant difference between bouts

group but at 1 day serum CK had increased in the EB
group (1060 £ 226 IU/L, p < 0.01) while no significant
changes were observed within the BB group. At 2 days
post-exercise serum CK was increased in both groups (EB;
744 £ 146, BB; 1837 + 1308 TU/L, p < 0.05) and at 4 days
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Table 2 Magnetic resonance imaging data
Bout  Pre Post A
Mean CSA (cm?) EB1 793430 81.0+2.9*% 1.7+ 0.6
EB2 80.0+3.1 804+32 04+04
BBl 759423 774+24 1.5+0.38
BB2 754424 747+22 —-07+0.7
Mean T2 relaxa- EB1  39.6+15 429+1.7% 34+£14
tiontime (ms)  ER2 413416 415+13 02+ L1*
BBl 39114 455+£20%* 64+£2.1
BB2 411415 41.6%15 0.5+ 0.6"

CSA and T2 relaxation time before and at 3 days post-exercise after
each exercise bout

* p < 0.05; significantly different from pre
# p <0.03; significantly different from BB1

serum CK peaked with a 13 and 36-fold increase in the EB
(2936 £ 1904 IU/L, p < 0.01) and BB (4954 + 2773 IU/L,
p < 0.001) group, respectively. At 7 days post-exercise
serum CK had returned to baseline in the BB group but
was still increased in the EB group (1230 + 547 IU/L,
p < 0.05). A large inter-subject variation in CK changes
was observed and two subjects in the BB group had peak
CK values >15,000 IU/L.

Serum Mb increased after the first bout in both groups.
Before exercise serum Mb was 52 + 1 (lower detection
limit 52 pg/L) in the EB group. Following the first exer-
cise bout a bimodal response was observed in the EB group
with peaks at 1 h (345 £ 96 pg/L, p < 0.001) and 4 days
post-exercise (307 £ 158 ng/L, p < 0.05). No significant
changes were observed at other time-points. Following the
first exercise bout in the BB group, no significant changes
were observed in serum Mb at 1 h and 1 day post-exer-
cise but at 2 and 4 days serum Mb was increased from a
pre-value of 52 + 0 to 948 £ 575 pg/L (p < 0.001) and
601 £ 395 ng/L (p < 0.01), respectively. At 7 days post-
exercise serum Mb had returned to baseline. No changes in
serum CK or Mb were observed in either group after the
second exercise bout.
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Within the BB group, the AUC-¢ was ~99 % lower
after the second bout of exercise compared to the
first. With regards to Mb, a ~99 % lower AUCy,, was
observed after BFRE in the EB group (EB2) com-
pared to the first bout of BFRE in the BB group (BB1)
(Fig. 3).

Magnetic resonance imaging data

CSA Following the first exercise bout, mean CSA did
not increase significantly (p = 0.078) in the BB group,
whereas CSA increased by ~2 % (p < 0.05) in the EB
group. No changes were observed in either group after
the second bout. However, when comparing the changes
in CSA following each bout in the BB group, only a
tendency (p = 0.084) towards a lower CSA change was
observed, and no difference between bouts was observed
within the EB group. Furthermore, no differences were
observed when comparing the changes in CSA follow-
ing the first bout of BFRE in each group (BB1 vs. EB2)
(Table 2).

T2 Following the first exercise bout, mean T2 increased
by ~16 and ~6 % in the BB and EB group, respectively.
No significant changes were observed in either group after
the second bout. When comparing the changes in T2 fol-
lowing each bout in the BB group, T2 change was reduced
after the second bout compared to the first. When compar-
ing AT2 following the first bout of BFRE in each group
(BB1 vs. EB2), AT2 was lower after EB2 compared to
BBI1 (Table 2). No changes were observed in non-exercised
legs (data not shown).

Correlations

A positive correlation between ACSA and AT2
relaxation time following bout 1 was observed in the
BB group (r* = 0.87, p < 0.001). No correlation was
observed between ACSA and AT2 relaxation time fol-
lowing bout 1 in the EB group or following bout 2 in
either group.
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Discussion

The main findings of the present study were; firstly, that
both blood flow restricted exercise performed to volitional
failure and maximal eccentric exercise inflict muscle dam-
age as indicated by the response in several indicators of
muscle damage (i.e. MVC, serum activity of intramuscular
enzymes, muscle soreness, muscle swelling and T2 relaxa-
tion time). Secondly, the muscle damage induced by BFRE
was comparable in magnitude to that inflicted by maximal
eccentric exercise, and thirdly, preceding bouts of both
BFRE and maximal eccentric exercise confers a protective
effect against muscle damage induced by a repeated exer-
cise bout conducted as BFRE, as reflected by the attenuated
response in several of the indicators of muscle damage.

Effects of a first-bout BFRE on muscle damage
indicators

Prolonged force loss is considered one of the most valid
and reliable indirect measures of muscle damage (War-
ren et al. 1999). In the present study, MVC was decreased
at 1-96 h after the first bout of BFRE in the BB group
(BB1) indicating EIMD. The force loss observed at 1 and
24 h post-exercise was accompanied by a decrease in the
20:100 Hz ratio suggesting that the decreased MVC was,
in part, due to E-C coupling failure (Ingalls et al. 1998).
In line with these findings, using a very similar exercise
protocol as the present study, Wernbom et al. (2012) found
force decrements lasting 48 h after BFRE, which was only
accompanied by a significantly decreased 20:50 Hz ratio at
the time point immediately after exercise, where cuff pres-
sure was still applied (Wernbom et al. 2012). Also, Umbel
et al. (2009) observed a force loss lasting 24 h after concen-
tric BFRE. The magnitude of changes in MVC observed
in the present study are quantatively comparable to the
changes observed by Wernbom et al. (2012) and Umbel
et al. (2009), albeit with minor differences in the time
course of MVC recovery.

In contrast, other studies have not observed prolonged
decrements in force following BFRE (Thiebaud et al. 2013,
2014; Loenneke et al. 2013). Loenneke et al. (2013) and
Thiebaud et al. (2013, 2014) used an exercise protocol con-
sisting of four sets with a pre-set repetition scheme (30-15-
15-15), whereas subjects worked to volitional failure in all
sets in our study as well as in the other two studies exhib-
iting prolonged BFRE-induced loss of force (Umbel et al.
(2009), Wernbom et al. (2012)). In addition, Loenneke
et al. (2013) used subjects who were accustomed to resist-
ance training and the subjects completed a familiarization
session a week prior to the main experiment (Loenneke
et al. 2013). Finally, since the exercise equipment used var-
ied, torque curves were likely different between studies.

Together, differences in exercise protocols (failure vs.
non-failure), training status of the subjects (non-resistance
trained vs. resistance trained) and use of familiarization
procedures may explain why prolonged force loss follow-
ing BFRE is seen in some studies (Umbel et al. 2009; Wer-
nbom et al. 2012), and not in others (Thiebaud et al. 2013,
2014; Loenneke et al. 2013).

The time-course and degree of muscle soreness we
observed after the first bout of BFRE is similar to what was
observed by Wernbom et al. (2012). In addition, several
other studies have reported muscle soreness after BFRE,
but with varying magnitude (Umbel et al. 2009; Wernbom
et al. 2009; Wilson et al. 2013; Thiebaud et al. 2013). This
variation is conceivably because different methods are used
to evaluate muscle soreness ratings (e.g. soreness when pal-
pating (Thiebaud et al. 2013), general soreness (Wernbom
et al. 2012) and retrospective ratings (Umbel et al. 2009)).

We assessed plasma levels of CK and Mb as indicators
of possible damage to the muscle membrane. Until now,
only one study has investigated the serum CK response to
acute BFRE (Takarada et al. 2000). In Takaradas’ study,
blood samples were collected during the first 24 h follow-
ing BFRE and no changes in CK were observed. In agree-
ment, no significant changes were observed within the first
24 h following the first bout of BFRE in the BB group in
the present study. However, large increases were observed
at 2 and 4 days post-exercise. The observed time-course of
the increase in CK and Mb is similar to what has previously
been observed with eccentric exercise (Vissing et al. 2008).

To our knowledge, the present study is the first to use
MRI to assess prolonged muscle swelling (CSA) and mus-
cle water retention (T2 relaxation time) after BFRE. Fol-
lowing the first exercise bout in the BB group, we found
elevated T2 at 3 days post-exercise, whereas only a ten-
dency (p = 0.078) towards an increased CSA at the same
time-point was observed. Elevated T2 at 3 days post-exer-
cise has previously been shown after damaging eccentric
exercise (Nosaka and Clarkson 1996; Foley et al. 1999)
where the prolonged increase in signal intensity is thought
to indicate increased tissue water content possibly due to
injury to connective tissue, increased capillary permeabil-
ity or degradation of proteins in the muscle cell (Takahashi
etal. 1994).

A single previous study has observed muscle swelling in
the arm musculature 48 h after a first-bout of BFRE (Farup
et al. 2015), whereas, most previous studies have merely
observed acute muscle swelling following BFRE (Umbel
et al. 2009; Loenneke et al. 2013; Thiebaud et al. 2013;
Wilson et al. 2013). Prolonged muscle swelling might indi-
cate EIMD (Nosaka and Clarkson 1996).

We only examined CSA at 3 days post-exercise and
found no significant changes in BB group. However, when
using only one post-exercise time-point it is possible that
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we did not find significantly increased CSAs because
we missed the peak of CSA change. Umbel et al. (2009)
reported significant increases in muscle CSA at 24 h post-
exercise when data from both BFR concentric and BFR
eccentric legs were combined. From their figures, it appears
that muscle swelling after BFR exercise peaked at 24 h and
then declined. An association between increases in CSA
and T2, following eccentric exercise, has previously been
proposed (Takahashi et al. 1994) and in the present study,
a positive correlation (7> = 0.87) was observed 3 days after
BFRE between CSA and T2.

Collectively, our results suggest that a first bout of
BFRE completed to failure induces muscle damage for
up to 4 days as indicated by the response in the multiple
indicators of muscle damage investigated, thus supporting
hypothesis (1).

Effects of maximal eccentric exercise on muscle damage
indicators

Contrary to the low-load, low-volume BFRE performed
by the BB group, the first exercise bout in the EB group
consisted of high-intensity, high-volume eccentric exercise,
which has consistently been shown to induce muscle dam-
age (Stupka et al. 2001; Raastad et al. 2010). We observed
force loss, accompanied by a decreased 20:100 Hz ratio,
that gradually returned to baseline during the following
days, as well as increased muscle soreness and increased
serum CK and Mb. Acknowledging the differences in the
magnitude of these changes, for single-bout eccentric
exercise, we found a similar time-course and response in
the indicators of EIMD as previously shown in studies on
eccentric exercise (Vissing et al. 2008; Raastad et al. 2010).
Furthermore, also similar to a previous finding regarding
muscle swelling and T2 in m. quadriceps femoris follow-
ing eccentric exercise (Takahashi et al. 1994), we observed
significant muscle swelling and increased T?2.

When employing un-paired ¢ tests to compare the accu-
mulated changes in each indicator of muscle damage dur-
ing the first 4 days following the first bout in each group
(BB1 vs. EB1), represented by the AUC, no differences
were observed. Accordingly, the response in most indica-
tors of EIMD to BFRE was comparable in magnitude to
what was observed following ECC, despite the low load
and volume utilized in BFRE, suggesting that the two
types of exercise used in this study, in most aspects, pro-
duce a comparable extent of muscle damage. It should be
noted, however, that the BFRE and ECC bouts were not
matched for work, intensity or repetition number. There-
fore the similarity in damage responses seen here does
not necessarily indicate that these exercise modalities are
equally damaging when expressed relative to muscle work
performed.
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Repeated bout effect BFRE/BFRE

In agreement with our original hypothesis, a repeated bout
effect was observed within the BB group, as shown by the
attenuated response in several of the measured indicators of
muscle damage following the second bout.

One striking difference in the response to the second
bout compared to the first in the BB group was in serum
activity of CK, in which a 36-fold increase in serum CK
was observed following the first bout and no changes were
observed after the second bout. This is similar to what has
previously been observed with repeated muscle-damaging
eccentric exercise (Newham et al. 1987; Vissing et al. 2008).
Furthermore, MVC initially decreased to a similar extent
after the second bout of BFRE compared to the first, but
recovered faster and the accumulated changes, reflected by
AUC,yc, were lower. This result resembles previous obser-
vations after repeated eccentric exercise (Newham et al.
1987; Vissing et al. 2008). Furthermore, repeated eccen-
tric exercise has been shown to induce a reduced decrease
in the 20:100 Hz ratio after the second bout (Newham
et al. 1987), however, in our study the 20:100 Hz ratio was
somewhat comparable between the two bouts in the BB
group, except for a significantly lower pre-value at bout 2
compared to bout 1. We speculate that the lower pre-value,
rather than a repeated bout effect, gives rise to the lower
AUC after bout 2. With regards to CSA and T2, no increases
were observed after the second bout in the BB group, and
a significant difference between bouts was observed for T2
change. This is in line with a study by Farup et al. (2015),
who reported long-lasting muscle swelling (3—48 h) after a
first bout of BFRE, which was diminished when the BFRE
bout was performed after 5 weeks of BFRE training (Farup
et al. 2015). Furthermore, these findings are similar to stud-
ies on repeated eccentric exercise that have reported reduced
increases in T2 and CSA after the second bout of exercise
(Foley et al. 1999; Nosaka et al. 2001; Chen et al. 2012).

Like in previous studies on repeated eccentric exer-
cise (Newham et al. 1987; Vissing et al. 2008), subjects
still experienced muscle soreness after the second bout of
BFRE in the BB group, but both the AUC.,.., and peak
muscle soreness were lower after the second bout com-
pared to the first.

All in all, the repeated bout effect of two bouts of BFRE
is substantial, and comparable to what has previously been
observed with repeated eccentric exercise (Newham et al.
1987; Foley et al. 1999; Nosaka et al. 2001; Vissing et al.
2008), thus supporting hypothesis (2).

Repeated bout effect eccentric exercise/BFRE

Contrary to our original hypothesis (3), maximal eccentric
exercise had a protective effect on the subsequent bout of
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BFRE in the EB group, which was very similar to the one
observed with two bouts of BFRE.

Clearly, eccentric exercise and BFRE are very different
in terms of exercise intensity and volume and no efforts
were made to match total work between the two types of
exercise in our study. Accordingly, the lower damage
response observed in the second bout compared to the first
within the EB group might emerge simply because maxi-
mal eccentric exercise induces more, or a different type of,
muscle damage compared to BFRE. Therefore, in order to
investigate whether eccentric exercise protects against mus-
cle damage inflicted by BFRE, we compared the response
in indicators of muscle damage when BFRE was performed
without preceding exercise and when it was performed sub-
sequent to a bout of maximal eccentric exercise (first bout
in BB group, BB1 vs. second bout in EB group, EB2). This
analysis showed that the AUC of MVC and serum Mb, peak
muscle soreness, and AT2 were all lower after the first bout
of BFRE in the EB group (EB2) compared to the first bout
of BFRE in the BB group (BB1), suggesting a protective
effect of maximal eccentric exercise against damage elicited
by BFRE. The attenuated response after the second bout in
the EB group very much resembles what we observed after
repeated BFRE and what has previously been observed after
repeated eccentric exercise (Newham et al. 1987; Foley
et al. 1999; Nosaka et al. 2001; Vissing et al. 2008).

Collectively, our results show that both maximal eccen-
tric exercise and BFRE induces a comparable repeated
bout effect, suggesting that the adaptive response triggered
by both types of exercise is, at least in part, similar, which
might be due to similarities in the mechanisms causing the
muscle damage and/or which muscle fibres that are pre-
dominantly damaged.

It has been hypothesized that eccentric contractions
cause muscle damage due to a high stress on a small num-
ber of active fibres (Moritani et al. 1987) resulting in a high
mechanical strain (Lieber and Friden 1993) and damage to
primarily type II fibres (Friden et al. 1983). As previously
discussed, working to volitional failure might be decisive
for inducing muscle damage with BFRE and it has been
suggested that during BFRE, type II fibres are gradually
recruited as type I fibres fatigue (Wernbom et al. 2009;
Farup et al. 2015), implying that recruitment of type II
fibres might be essential for causing muscle damage with
BFRE. Thus, with fatigue and consequent low force output
in some fibres due to the combined effects of ischemia and
exercise, the remaining force-producing fibres may be sub-
jected to greater mechanical stresses and strains than the
nominally low load (30 % of 1RM) would suggest.

Hence, if muscle damage observed after BFRE is due
to the mechanical strain put upon newly recruited type
II fibres during the last repetitions, this could explain the
protective effect of high-intensity eccentric contractions,

which also recruits these fibers. However, the few BFRE
studies that have examined fibre-type specific muscle
damage have implied higher stress (and damage) in type
I fibres with BFRE protocols identical to ours (Wernbom
et al. 2012; Cumming et al. 2014). Alternatively, if mus-
cle damage inflicted by BFRE is due to mechanical and/or
metabolic stresses on type I fibres, the protective effect of
preceding eccentric exercise might be mediated by mech-
anisms that make the muscle less susceptible to EIMD
across all fibre-types, such as increased whole muscle stiff-
ness, changes in the muscles length-tension relationship,
increased or strengthened connective tissue and/or removal/
replacement of weak fibres (McHugh 2003). Accordingly,
isolated maximal eccentric exercise has previously been
shown to protect against force loss, muscle soreness and
serum CK induced by downhill running despite the differ-
ences in exercise modality (Eston et al. 1996).

Because the load used during BFRE is very low, a purely
mechanical explanation for the induced muscle damage
seems unlikely. However, other shared mechanisms in the
pathways leading to EIMD might explain the repeated bout
effects seen here. Such mechanisms could possibly include
activation of proteolytic systems e.g. autophagy-lysosomal,
calcium-dependent calpains and the ubiquitin protease system
(Pasiakos and Carbone 2014). Accordingly, it has previously
been theorized that EIMD is mediated by increased Ca’*
influx into muscle cells (Zhang et al. 2008) that may trigger
Ca**-activated proteases (Belcastro et al. 1998; Zhang et al.
2008). BFRE might increase intracellular Ca** due to muscle
activation during ischemia (Fredsted et al. 2005), which low-
ers the energy status of the cell and impedes clearing of Ca>*
entering the cell (Fredsted et al. 2007).

Consequently, despite possible differences in how Ca®*
enters the cell, muscle damage inflicted by eccentric exercise
and BFRE might both be mediated by increased Ca**, and
the repeated bout effect could thus be due to an adaptation
in proteolytic systems, such as calcium-dependent proteases,
after the second bout. As evidence against such a contention,
previous studies have failed to show a repeated bout effect on
for instance calpain/calpastatin expression despite repeated
bout effect on other parameters (Stupka et al. 2001; Vissing
et al. 2008), although this does not rule out the possibility
that the muscle becomes less sensitive to activity in proteo-
Iytic systems. Collectively, our results suggest an overlap of
the mechanisms causing EIMD in BFRE and eccentric exer-
cise and in the subsequent adaptations that make the muscle
more resilient to the second bout of exercise.

Limitations

In the present study, we used a very homogenous subject
population of active, healthy young males (19-25 years).
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Consequently, the results may not be generalizable to other
populations e.g. women, the elderly, and various patient
groups.

Two limitations of the present study are that we did not
investigate the recruitment pattern of BFRE and eccentric
exercise or measure fibre-type specific damage through
analysis on muscle biopsies. Thus, we were unable to
determine whether the previously discussed possible differ-
ences in recruitment patterns between BFRE and eccentric
exercise result in fibre-type specific damage.

Another limitation is that we only conducted MRI scans
3 days post-exercise and thus we might have missed poten-
tial effects of the exercise. Furthermore, multiple MRI
scans would have enabled us to evaluate the time-course of
changes in CSA and T2.

Finally, all subjects were instructed to refrain from
strenuous exercise during the study period but no efforts
were made to control the level of physical activity during
the study period. Consequently, some subjects might have
ignored this instruction, e.g. two subjects from the EB
group reported to the main experiment with muscle sore-
ness (VAS 2.3 and 2.1 cm) in m. quadriceps because of
prior exercise.

Conclusion

In conclusion, based on the responses observed in several
of the indirect indicators of muscle damage used in this
study, a first-time bout of BFRE induces muscle damage in
non-resistance trained subjects performing multiple work-
ing sets to volitional failure. Furthermore, a protective
effect of previous damaging exercise is seen when BFRE is
performed subsequent to either BFRE or maximal eccentric
exercise. This finding suggests that similar damage mecha-
nisms and/or subsequent adaptations may be operating in
both BFRE and eccentric exercise.

Perspectives

We recommend that BFRE is carefully introduced to
untrained people and patient populations as it has the
potential to cause muscle damage accompanied by mus-
cle soreness, which could increase the risk of discontinu-
ing the training due motivational reasons. Furthermore,
the very high training frequency reported in some studies
(Nielsen et al. 2012) might not be preferable initially if the
BFRE is performed to failure because of the decrements in
muscle strength and the occurrence of muscle soreness. In
order to avoid muscle damage, an accustomization period
could be applied when commencing BFRE to avoid the
negative effects of muscle damage or one could consider

@ Springer

not working to volitional failure, as this is not necessary
for inducing muscular hypertrophy with BFRE (Madarame
et al. 2008).
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